The transverse shear stiffness of a newly-developed all-metal sandwich core structure is determined experimentally and numerically. The core structure is composed of a periodic array of domes which are introduced into an initially flat sheet through stamping. A finite element model of the stamping process is built and validated experimentally. A parametric study is performed to choose the stamping tool geometry such that the resulting core structure provides maximum shear stiffness for a given relative density. It is found that the optimal geometries for relative densities ranging from 0.2 to 0.35 all feature the same dome shape with the same height-to-width ratio. The simulation results also show that the estimated transverse shear strength of the proposed core structure is the same as that of hexagonal honeycombs of the same weight for high relative densities (greater than 0.35), but up to 30% smaller for low relative densities (lower than 0.2). In addition to numerical simulations of a representative unit cell, four-point bending experiments are performed on brazed prototype sandwich beams to validate the computational model.
Introduction
There is a constant pressure on the automotive industry to develop lightweight structural solutions to improve vehicle fuel efficiency without sacrificing structural performance. In addition, most design choices are subject to stringent cost constraints as innovations in automotive engineering are seldom successful unless both performance and cost advantages prevail. Fiberreinforced composite materials provide excellent weight-specific stiffness and strength properties, but their use is mostly limited to low volume production. Advanced high strength steels appear to be today's material of choice in automotive engineering as these feature a higher strength-to-weight ratio as conventional steels. However, the stiffness of advanced high strength steels is the same as that of conventional steels. Thus, these materials do not provide a lightweight solution when the structural design is driven by stiffness requirements.
Sandwich structures are known for their exceptionally-high bending stiffness-to-weight ratio. Kevlar reinforced paper honeycombs are widely used in aerospace and aeronautical engineering with aluminum or composite face sheets. All-aluminum honeycomb panels are employed in architectural applications. The manufacturing of metallic honeycomb structures involves several semimanual steps (e.g., Bitzer [1] ) and is hence not suitable for economic mass production. The making of sandwich panels with aluminum foam cores received much attention (e.g., Ashby et al. [2] ), but their use in automotive applications is still inhibited by cost barriers as well as limited structural performance advantages. More recent developments are concerned with truss core sandwich materials. Wicks and Hutchinson [3] have shown that an optimized truss core geometry will offer a sandwich structure comparable to honeycombs in terms of shear and bending strengthto-weight ratio and comparable to hat-stiffened plate in terms of compression strength-to-weight ratio. However, the performance advantages of truss core structures are mostly limited to small deformations. Under large deformations, the individual truss members lose their axial load carrying capacity due to buckling (e.g., Gibson and Ashby [4] ). Egg-box structures present another type of architecture that can be used as core layer for sandwich materials (e.g., Hale [5] ). Zupan et al. [6] investigated the through-thickness compression response of egg-box structures, focusing on the collapse of the structure by bending of the side walls. A comparison with metal foams revealed that egg-box panels present the best energy absorption properties. Thin-walled frusta may be considered as the basic mechanical element of egg-box structures. Akisanya and Fleck [7] analyzed their response to shear and normal loading both experimentally and numerically. Their results reveal that the effective shear modulus of structures composed of frustra is nearly independent of the cell wall angle (for the same relative density). Tokura and Hagiwara [8] investigated the stiffness and strength of a two-layer panel material. They made use of a multistage stamping technique to introduce a periodic array of domes of pyramidal shape and triangular base into initially flat sheets. After stamping, the layers are then joined together at the apexes of the pyramids through spot-welding. Tokura and Hagiwara [8] found that it is critically important to account for local thickness changes and work hardening during stamping when estimating the bending strength of the two layer panel material.
In the present study, we consider a new type of sandwich core material architecture for the use in sandwich sheets. Unlike conventional flat sandwich panels, sandwich sheets can be formed into three-dimensional shapes using traditional sheet metal forming techniques such as stamping or deep drawing (Mohr and Straza [9] ). Recently, Jackson et al. [10] have also demonstrated the applicability of incremental sheet forming (ISF) to sandwich materials with homogeneous polypropylene core layers. As alternative to sandwich sheets with polymer cores (e.g., Pearce [11] ), Seong et al. [12] investigated the bending response of sandwich sheets with corrugated core layers. Gustafsson [13] proposed the hybrid stainless steel assembly (HSSA) which makes use of steel fibers that are adhesively bonded to the face sheets. The fibers are aligned perpendicularly to the face sheets in Gustafsson's material, while Markaki and Clyne [14] designed a stainless steel fiber network with solid joints between contacting fibers, thereby increasing the shear stiffness and strength of the fiber core material.
The theoretical and numerical analysis of the deep drawing of sandwich sheets (Mohr [15] ) revealed that cellular core structures of high relative density (>20%) are required to withstand the high shear loads during forming. Here, we consider a novel type of cellular core structure made from two bidirectionally corrugated layers. Each core layer is composed of a periodic array of domes which are introduced into an initially flat sheet through stamping. The two core layers are brazed together to form the core structure ( Fig. 1(a) ). The core structure is thus conceptually similar to that investigated by Tokura and Hagiwara [8] . In contrast to conventional egg-box structures, the contact areas between the core structure and the sandwich face sheets are ring shaped which reduces the risk of face sheet wrinkling or dimpling during the deep drawing of the entire sandwich sheet. Motivated by the working assumption that sandwich core structures of high transverse shear stiffness will also feature high transverse shear strength, a parametric study is performed to identify the material architectures that provide the highest shear stiffness-to-weight ratio for relative core densities ranging from 0.2 to 0.35. Since the exact geometry of each core layer structure depends on the strain distribution after stamping, we perform numerical simulations of the manufacturing of a core layer first, before determining the effective shear properties of the core structure. Stamping and bending experiments are performed and compared with the simulations to validate the accuracy of our numerical model. It is found that a cell width-toheight ratio of about 1.7 provides the highest out-of-plane shear stiffness for a given relative density.
Material
2.1 Core Architecture and Stamping Tool. We introduce the material coordinate system (e L ; e W ; e T ) to describe the microstructure. The coordinate axis e T is aligned with the overall thickness direction of the sandwich material (out-of-plane direction) whereas e W and e L denote the so-called in-plane directions. The L-direction is parallel to the connecting line of two neighboring dimples while the W-direction is defined as e W ¼ e T Â e L . The core structure features five symmetry planes; the bilayer assembly is symmetric with respect to the (W,L)-center plane (Fig. 1(b) ). Furthermore, each layer is symmetric with respect to the (W,T)-and (L,T)-planes.
In the manufacturing process, we can control the geometry of the stamping tools, while the final geometry of a core layer after stamping depends also on the plastic properties of the basis sheet material. The stamping tool consists of a male and a female die. The male die comprises a periodic array of pins that are positioned on a triangular pattern at a spacing D (Fig. 2(b) ). All pins have the same diameter d m and feature a corner radius r m (Fig. 2(b) ). The receiving female die features the corresponding periodic array of holes of a diameter d f along with a corner radius r f (Fig. 2(b) ).
The relative density q Ã of the core structure describes the ratio of the overall mass density of the core structure to the density of the basis sheet material. In the case of incompressible sheet materials, the relative density of the core structure is given by
where t denotes the initial sheet thickness and C=2 is the effective height of a single core layer after stamping.
Basis Material.
The bilayer core structure can be made of any sheet material that provides sufficient ductility for stamping. Here, we focus on dimpled layers that are made from a tin mill product of the type "black plate" which is a light gauge low-carbon, cold-reduced steel. According to ASTM A623-05, it features a maximum carbon and manganese content of 0.13% and 0.6% respectively. The material has been supplied by ArcelorMittal in the T4 temper.
Uniaxial tensile tests are performed under static loading conditions to characterize the anisotropic plastic properties of this sheet material. Dogbone-shaped ASTM-E8 specimens are extracted from the sheets along the rolling direction, the cross-rolling direction and the 45 deg direction. We make use of a universal testing machine (MTS Model 318.10) with a 100 kN load cell. The specimens are loaded at a constant cross-head velocity of 2 mm/min. A random speckle pattern is applied to the specimen surface and monitored throughout testing using a digital camera (Model PIKE, Allied Vision). The axial and width strains are determined based using digital image correlation; the virtual extensometer lengths are 15 mm and 9 mm for the axial and width directions, respectively.
The measured engineering stress-strain curves are presented in Fig. 3 . Assuming a Young's modulus of 210 GPa and an elastic Poisson's ratio of 0:3, we determined a yield stress of about 310 MPa at 0.2% plastic strain for all loading directions. The Lankford ratios are determined from the average slope of a plot of the logarithmic plastic width strain versus logarithmic plastic thickness strain (assuming plastic incompressibility). Upon evaluation, we find r 0 ¼ 0:69, r 45 ¼ 1:15 and r 90 ¼ 0:76. In our simulations, we make use of the Hill (1948) yield function along with an associated flow rule and isotropic hardening to model the sheet material behavior. The corresponding yield stress ratios are given in Table 1 .
All specimens fractured at an engineering strain of about 0.25. Here, we extrapolate the measured true stress versus logarithmic plastic strain curve using the modified Swift law The tool is set up at the center of a universal testing machine. The force is applied via a cylinder on the upper clamping block (part #3 in Fig. 2(a) ). The oil lubricated steel sheet is positioned between the upper and lower clamping block of the tool (part #1 and #2). Throughout stamping, a 250 kN load cell measures the total stamping force, while an LVDT inside the vertical actuator recorded the applied displacement. Each stamping experiment is performed under displacement control at an actuator velocity of 0.33 mm/min.
Experimental
Results. The measured force-displacement curves throughout stamping are shown in Fig. 4 . The superposition of the results from two experiments (red and black curves) demonstrates good repeatability. After an initially linear response, the slope of the force-displacement curve decreases at a measured displacement of about 0.2 mm. The stamping force continues to increase up to a displacement of about 1mm until the sheet fractures. The second experiment is stopped prior to fracture at a displacement of about 0.75 mm. The slope of the corresponding unloading branch of the force-displacement curve is smaller than that for loading at the beginning of the experiments. This is explained by the evolution of the specimen geometry throughout stamping. At the beginning of the experiment, the sheet material is predominantly subjected to bending, while the state of loading is more membrane-dominated once the sheet has formed its characteristic dimple shape. A SEM picture of a dimpled layer after stamping is shown in Fig. 5 . The corresponding cross-sectional cut through a single dimple elucidates pronounced necking in a region where the sheet material leaves the punch radius (near cross-section label 2 in Fig. 5 ). Optical thickness measurements indicate that the sheet thickness is reduced to 0.16 mm right below the punch while its thickness remains more or less unchanged near the die contact areas. Within the neck region, we observe thicknesses as low as 0.11 mm which corresponds to a thickness reduction of 45%.
Computational Modeling
A finite element model is built to simulate the making of the core layers. The same model is subsequently used to estimate the transverse shear stiffness of the bilayer core structure. Thus, the size of the periodic unit cell and the boundary conditions are chosen such that these are valid for both stamping and stiffness simulations. Fig. 2 shows the unit cell that is modeled to estimate the shear properties in the (T,L)-plane. Three punches along with their receiving dies are needed for the stamping of this unit cell. All forming tools are modeled as analytic rigid surfaces. Preliminary simulations indicated the presence of through-thickness necking along with large through-thickness stresses which requires the modeling with solid elements. Here, a mesh with five first-order solid elements (type C3D8R from the Abaqus element library [16] ) in the thickness direction is chosen. The receiving dies are fixed in space while the punches move along the T-direction (Fig. 6 ). To guarantee quasistatic conditions throughout the stamping simulations, the punch velocity increases linearly from 0 to 1m/s over a time interval of 40 ls. Subsequently, it is kept constant until the maximum stamping depth is reached. A kinematic contact formulation with a friction coefficient of 0.1 is employed to model the contact between the tools and the sheet surfaces. Throughout stamping, the in-plane displacement component u L is set to zero for all nodes on the boundary surface of normal e L , while u W ¼ 0 on all boundaries of normal e W .
Stamping. The dashed rectangle in
The results from the stamping experiments are compared with the numerical predictions to validate the model assumptions. We define the stamping pressure as the total stamping force per unit area of the stamped sheet. The initial slope of the simulation curve (K simu ¼ 2363 MPa=mm) was much higher than that of the experiment (K exp ¼ 65 MPa=mm). This is attributed to the finite stiffness of the universal testing machine and the forming tool. Considering the forming tool as a spring in series with the work piece, we find a machine stiffness of K m ¼ 67 MPa=mm. Figure 4 shows the comparison of the simulation and the experimentally measured stamping pressure versus displacement curves. Note that both curves are initially identical since we added displacement associated with finite machine stiffness, Du ¼ P=K m , to the simulation result (stiffness correction). The agreement between the two responses is remarkably good. Note that the simulations are performed without modeling the initiation and propagation of cracks. Consequently, the maximum load in the simulation is determined by the postnecking behavior of the simulation model, whereas fracture initiates at an earlier point in the experiment.
Joining of the Core Layers and Face Sheets.
The fourlayer sandwich material needs to be virtually joined together in order to estimate the effective shear properties. Here, a tie contact model (Abaqus [16] ) is used to join the core layers to each other as well as to the respective top and bottom face sheets. Note that the flat bottom surfaces of the forming tools (Fig. 2) had not been modeled in the previous stamping simulations. However, the flat bottom surfaces of the male and female forming tools play an important role for the bonding of the sandwich material. The bonding lands of the corrugated core layers are flattened when the sheets are deformed because of the contact pressure with the flat surfaces. In practice, the flatness of the bonding lands is important to achieve optimal bond strength. In the computational model, the flatness of the bonding surfaces is needed to avoid an artificial mesh distortion when using the tie contact model.
After completing the previous stamping simulations, a subsequent forming step is introduced where flat rigid plates are used to flatten the bonding lands (Fig. 2(b) ). A first rigid plate applies a pressure to the bottom surface of the corrugated sheet to reduce the material thickness below the centers of the punches to about 70% of the initial sheet thickness. Similarly, a second rigid plate is used to apply a pressure to the top surface of the corrugated sheet. Here, the simulation is stopped as the initial sheet thickness above the dies equals about 90% of the initial sheet thickness.
Preliminary simulations have shown that geometric changes due to elastic springback after stamping and flattening are small as compared to the resulting core height. The meshes of the final configuration after stamping and flattening are therefore directly used to define the geometry for the shear stiffness analysis while the modeling of springback is omitted. The flattened bonding lands of two opposing core layers are bonded to each other using the tie option with a position tolerance of 0.001 mm. Furthermore, two 0.2 mm thick face sheets are created and bonded onto the core layers to introduce the shear loads (Fig. 7) . A tie contact with a position tolerance of 0.002 mm is used to create the virtual bond between the face sheets and the core structure.
Estimation of the Effective Shear Stiffness.
The computational model comprised of two core layers and two face sheets is used for estimating the shear stiffness of the core structure. While an explicit time integration scheme is used for all forming simulations, the shear stiffness is determined using implicit time integration. The boundary conditions estimating the shear stiffness are
• Periodicity of the structure along the L-direction: the displacements of a node on a first (W,T)-boundary plane are identical to the displacements of the corresponding node with the same x W and x T coordinate on the second (W,T)-boundary plane.
• Symmetry of the mechanical problem along the W-direction: the in-plane displacement u W of all nodes on the (L,T)-boundary planes is set to zero.
• Simple shear loading: A uniform displacement u L along the L-direction is applied to all nodes on the (W,T)-boundary plane of the top face, while it is set to zero for the bottom boundary plane. The displacement along the T-direction is set to zero for both the top and bottom (W,L)-boundary planes.
The shear modulus G TL is determined from the slope of the computed linear relationship between the shear force F L and the applied shear displacement u L ,
5 Parametric Study on the Effective Shear Stiffness 5.1 Input Parameters. The computational model is used to perform a parametric study on the shear stiffness of the proposed sandwich material. In particular, we are interested in finding the "optimal" core geometries that provide the highest out-of-plane shear stiffness for a given relative density. Throughout our simulations, the initial sheet thickness is fixed to t ¼ 0:2 mm which corresponds to the lowest gauge for low carbon sheet material that is available for large coil widths. The following geometric parameters are varied:
• Stamping depth parameter a h ¼ t=ðt þ hÞ. As illustrated in Fig. 2(b) , h denotes the punch displacement.
• Dimple geometry parameter a D ¼ D=h. This parameter describes the dimple width to height ratio.
mines the size of the dimple's top, i.e., it is closely linked to the bonding land on top of each dimple.
• The corner radii for the punches and dies are always set to r ¼ d=4.
The range of parameters is shown in Table 2 . The parameter a h is varied from 0.2 to 0.3 which corresponds to the lower range of relative densities for which optimal cellular core structures are expected to provide sufficient shear strength for sandwich sheet forming applications (e.g., Mohr and Straza, 2005) . Since the initial sheet thickness t is kept constant, the variations of a h translate also into a variation of the overall thickness of the core structure from about 1.2 mm (for a h ¼ 0:3) to 1.8 mm (for a h ¼ 0:2). a D is varied from 4 to 7. A large a D describes rather shallow cells, while the lowest value is determined by the material's forming limits. The forming limits of the low carbon steel are not known (as it is not only subject to plane stress, but also substantial throughthickness stresses). However, some preliminary experimental work had shown that the forming of cell geometries with a D < 4 is impossible to achieve in reality because of premature material fracture during stamping. The bonding land parameter a d is varied from 0.3 to 0.6 which corresponds to a variation of the bonding land area fraction from 2% to 14%. The full permutation of all parameter combinations (a h ; a D ; a d ) resulted in 6 Â 4 Â 4 ¼ 96 simulation runs. Fig. 8(a) . It depicts the shear modulus as a function of the parameter a h . The results reveal that for a given a h (i.e., the same stamping depth), the shear modulus of the "optimal 2 " configuration can Here, the adjective "optimal" is used to make reference to the configuration that provides the highest shear modulus among all or a subgroup of configurations considered in this study. be up to three times higher than that of the worst configuration. Figure 9 (b) shows the "optimal" configurations for the six a h that are considered in this study. It is interesting to observe that all feature the same geometric parameters a D ¼ 4 (smallest width to height ratio) and a d ¼ 0:6 (largest bonding land area fraction). Recall that the initial sheet thickness is the same for all configurations. However, the average thickness after stamping decreases as a h decreases. It may be expected that this decrease in average thickness will also increase the likelihood of fracture during stamping. Note that the through-thickness necking is more pronounced for small values of a h .
Results. A summary of all simulation results is shown in
In Fig. 10(a) , we show selected results of this parameter study to elucidate the influence of a D . Observe that the shear modulus is a decreasing monotonic function of the width-to-height ratio a D . Truncated cones can be used to represent the dimples of the structure as a simple think model. For constant a h and a d , decreasing a D implies a steeper cell wall angle which makes each "cone" of the core structure less stiff under shear loading. Moreover, the average wall thickness of a cone decreases as a D decreases, which would also decrease the cone's shear stiffness. However, when calculating the macroscopic shear stresses, the stiffness of each cone is normalized by the representative area of 0:87D 2 . The effect of increasing representative area per cone appears to be dominant which explains that the effective shear stiffness decreases as the width-to-height ratio a D increases. This model is also validated by a previous numerical study of the effective shear behavior of an idealized core structure with uniform wall thickness that is made from truncated cones. Using the same definitions for the geometry parameters as for the dimpled layers, we find the same result as far as the effect of a D is concerned.
The effect of a d is highlighted in Fig. 10(b) . Changing a d from 0.3 to 0.6 (without changing the height or width of the sandwich core structure unit cell) increases the effective shear stiffness by more than 100%. The average cell wall thickness decreases and the cell wall inclination angle increases as a d increases. Both effects suggest that the effective shear stiffness should decrease as a d increases, which is in contradiction with the simulation result. It is speculated that the low stiffness for small values of a d is due to the combination of local indentation and necking of the sheet material when using punches of small diameter. The imprint of the punch is clearly visible for all configurations, but the local thickness reduction is most pronounced in the case of the smallest punch (a d ¼ 0.3, see Subfigure 2 in Fig. 10(b) ). The conical shape causes a stress concentration towards the top of each dimple (i.e., the center of the symmetric core structure). This stress concentration is amplified further through the local indentation of the sheet material. Thus, the overall deformation of the core structure under macroscopic shear loading is not only due to the membrane deformation of the cone walls, but also due to the local shear deformation of the zones of stress concentration. A more uniform accumulation of shear deformation can be found for large values of a d .
Given the observed monotonic relationships between the elastic shear stiffness and the respective geometric parameters, it may be concluded that the tools for forming a single corrugated layer should feature:
• a small dimple width to dimple height ratio a D • a large bonding land diameter to width ratio a d
The final choice of the parameters a D and a d is determined by the formability of the sheet material. It is interesting to note that the "optimal" configuration for shear stiffness appears to converge towards a geometry with vertical cell walls which is similar to that of a honeycomb.
Comparison With Hexagonal Honeycomb.
Metallic honeycombs are known to provide excellent shear stiffness when used in sandwich construction. Here, we compare the shear stiffness of the proposed dimpled bilayer sandwich core structure with that of hexagonal honeycombs. Metallic honeycombs usually feature both single and double-thickness walls which is due to the manufacturing process. Thus, the shear modulus is a function of the loading direction. For shear loading in the T-W-plane, the exact analytical solution for the shear modulus reads
with G s denoting the shear modulus of the cell wall basis material. The relative density is defined by the ratio of the effective honeycomb density q to the basis material density q s which corresponds to the relative density q Ã for the dimpled core material. The theoretical bounds for the shear modulus of a honeycomb in the L-T-plane (Kelsey et al. [17] 
As shown by Grediac [18] , the shear modulus G LT is closer to its upper bound of G LT ffi 0:625q=q s G s when used in sandwich structures where the honeycomb cell size is similar to the core height.
The dashed lines in Fig. 11 show the theoretical estimates of the shear moduli G TW and G TL (upper bound). The comparison with the computational estimates of the shear modulus for the dimpled material reveals that the weight specific stiffness of honeycomb in the T-W plane, is slightly higher than that of the "optimal" structure. For a relative density of about 0.35, the shear modulus of the dimpled material is 10.0 GPa while that of a honeycomb is 10.3 GPa. Note that almost the same shear modulus is found for the proposed core structure for shear loading in the T-W-plane (see superposition of curves in Fig. 11 ).
Comment on the Optimal Design of Formable
Sandwich Sheets. The present work focuses on the optimization of the shear stiffness only. As indicated in the introduction, it is expected that the optimal design for shear stiffness will also be close to the optimal design for shear strength. In practice, premature failure of the bonding between the two core layers as well as of the bonding between the core structure and the face sheets (delamination) might become critical. An ideal sandwich material is designed such that all possible failure modes occur simultaneously. The reader is referred to the textbooks of Allen [19] , Zenkert [20] or Evans et al. [21] for more details on the design of sandwich structures. With regards to the present work, it is worth noting that preliminary draw bending experiments on prototypes demonstrated that the core structure deforms plastically before braze joint failure initiates.
Experimental Validation
A brazed prototype made from low carbon steel with the corresponding optimal microstructure has been provided to us by CellTech Metals (San Diego, CA). The average relative density of the core structure is q Ã ¼ 0:29. It is extremely difficult to measure the shear modulus of sandwich core structures in this density range. Most experimental techniques have been designed for core structures that are both softer and thicker than the present material. Because of its high shear stiffness and small thickness, in the elastic range, the overall shear displacement (i.e., the relative displacement between the top and bottom face sheets) is very small (<0.01 mm). An attempt was made to measure this relative displacement through digital image correlation in a shear lap experiment (see ASTM C273), but inconclusive results were obtained because of insufficient displacement measurement accuracy. In Fig. 10 Influence of the parameters a D and a d on the elastic shear modulus addition to the shear lap test, we performed eigenfrequency measurements and used the identification method of Rébillat and Boutillon [22] to determine the shear modulus. However, as for the shear lap test, no satisfactory results could be obtained since the shear deformation of the core structure contributed only little to the overall deflection of the vibrating sandwich plate.
As an alternative to the above two testing techniques, we make use of a bending experiment with high shear loads (i.e., a narrow support point spacing). In this experiment, the results can be affected by the local indentation of the face sheets. Furthermore, the determined shear modulus depends on the underlying sandwich theory and the stiffness properties of the face sheets (e.g., Lebée and Sab [23] ). To avoid many simplifying assumptions throughout the experimental analysis, we perform a large scale finite element analysis of the entire sandwich beam and compare the computed load-deflection curve with the experimental result.
6.1 Four-Point Bending Experiment. Four-point bending experiments are performed on 25 mm wide and 120 mm long sandwich beam specimens. All specimens are extracted from brazed prototype sandwich sheets. The thickness varied not only from specimen to specimen (see Table 3 ), but also within each specimen. The thickness measurements at three different locations along the beam axis reveal thickness variations of up to 0.12 mm within the specimen; the average specimen thickness is C þ 2t f À Á ¼ 1:78 mm. Figure 12 shows a photograph along with a technical drawing of the four-point bending experiment. The specimen is supported though two cylindrical rollers. Two rollers of the same diameter (15.8 mm) are used to apply the loading. The distance of the upper rollers is a ¼ 25 mm in all experiments, while two different lower support point distances are considered (b 1 ¼ 88:7 mm and b 2 ¼ 73:7 mm) to vary the ratio of the shear force and bending moment. The displacement loading is applied using a hydraulic universal testing machine (Model 318.10, MTS). The vertical force is measured using a 2 kN load cell, while the position LVDT of the vertical actuator is used to record the applied displacement. There is no need for a machine stiffness correction since the effective specimen stiffness is much smaller than the stiffness of the experimental setup. The experiments are carried out under displacement control at a constant actuator velocity of 0.25 mm/min.
All bending experiments are performed in the elastic range. Thus, the experimental results are characterized by the measured slope of the force-displacement curves, K ¼ dF=du. The stiffness K is determined from the linear interpolation of the measured force-displacement curve for a displacement interval of about Du ¼ 0:5 mm. Table 3 summarizes the experimental results for four different specimens. The measured stiffness values vary by À 17%/ þ 24% and À11%= þ 17% around the average for the small and large support point spacing. The scatter in the experimental results is primarily attributed to variations in sample thickness as well as thickness variations within each specimen. However, there are many other sources of experimental uncertainty which are worth mentioning. For example, the specimens are not perfectly flat; as a result, the specimen is loaded in an uneven manner which would reduce its apparent stiffness. Even though large diameter rollers have been chosen, the local indentation of the sandwich beam may contribute to an experimental error. Note that the indentation stiffness of the sandwich specimen depends also on the location of the support point with respect to the contact points between the face sheet and the dimpled core structure. Variations in the shear stiffness may also be due to defects in the braze joints as well as poor alignment of the core layers with respect to each other during brazing. Elastic shear modulus as a function of the relative density for the proposed core structure (solid lines) and hexagonal honeycomb (dashed lines). Note that the shear modulus of the proposed material is the same for both in-plane directions, while the honeycomb stiffness is direction dependent.
6.2 Model for the Bending of the Sandwich Structure. Using the same procedure as for the above unit cell computations (stamping, flattening, joining), we built a computational model of the four-point bending material. Due to the symmetry of the experimental setup, only one half of the specimen is modeled. The boundary condition u L ¼ 0 is applied to all nodes located on the W-T-symmetry plane. Furthermore, we assume a wide beam (plane strain conditions along the W-direction) and make use of the periodicity of the core structure to reduce our computational model to a 1.91 mm wide beam with periodic boundary conditions along the L-direction (u W ¼ 0 an all L-T-boundary planes). 44 punches and dies are required for the stamping process. The modeled core structure has a height of C ¼ 1:31 mm, which corresponds to a relative density of q Ã ¼ 0:31. The support and loading rollers are modeled as analytical rigid surfaces. All degrees of freedom of the rollers are fixed except for the vertical motion of the upper loading roller. Explicit time integration is used because of the size of the computational model (>100,000 elements) and the modeling of contact. To guarantee quasi-static loading conditions, the upper cylinder velocity is increased linearly from 0 to 5 mm/s over a time period of 100lm and from 5 to 100 mm/s over another period of 100ls, before keeping the loading velocity constant. The contact between the tool and the sandwich surfaces is modeled using a kinematic contact model with a friction coefficient of 0.1.
After completing the finite element analysis for a support point spacing of b 1 ¼ 88:7 mm and b 2 ¼ 73:7 mm, the specimen stiffnesses K 1 ¼ 5:5N=mm 2 and K 2 ¼ 10:5N=mm 2 are obtained from the linear load-deflection curves. The numerical results are remarkably close to the average stiffnesses measured experimentally: K 1 is underestimated by 3%, while K 2 is overestimated by 7%. Recall that the experimental results feature significant scatter (as explained above) and that the thickness of the numerical model is slightly smaller than the average for all samples.
Despite the known experimental and computational uncertainty, the good agreement of the simulations and the experimental results is seen as a partial validation of the computational model. The mesh used in the bending simulations (three solid elements through the sheet thickness) is coarser than that used for the unit cell analysis (five elements through the thickness). However, the simulation of a unit cell under shear loading using a coarse and fine mesh revealed that the differences in the shear modulus estimates are less than 1%.
Conclusions
The shear stiffness of a newly-developed all-metal sandwich core structure is analyzed both numerically and experimentally. The core structure comprises two bidirectionally corrugated layers which are made from 0.2 mm thick stamped steel sheets. The stamped geometry is characterized through a period array of thick-walled domes. After stamping, the core layers are brazed to each other as well as to the respective sandwich face sheets. The anisotropic behavior of the basis material (0.2 mm low carbon steel sheets) is characterized experimentally and represented by an anisotropic quadratic plasticity model. The stamping process is simulated to obtain a finite element model of the core structure that can be used to estimate its effective elastic properties. Stamping and bending experiments are performed to validate the computational model.
A parametric study is performed where the computational model of the sandwich material is used to investigate the effect of the stamping tool geometry on the effective transverse shear modulus of the resulting sandwich core structure. It is found that the highest shear stiffness per unit weight is provided by core structures that feature (1) a small dome width to dome height ratio, and (2) a large bonding land diameter to dome width ratio. The results also reveal that the transverse shear stiffness of the bidirectionally corrugated core structure is up to 30% lower than that of a hexagonal honeycomb of the same density (for relative densities ranging from 0.2 to 0.35). However, unlike for hexagonal honeycombs, the shear stiffness is approximately the same for both in-plane directions.
